] The seasonal cycle of mixed layer salinity and its causes in the Southern Ocean are 7 examined by combining remotely sensed and in situ observations. The domain-averaged 8 terms of oceanic advection, diffusion, entrainment, and air-sea freshwater flux 9 (evaporation minus precipitation) are largely consistent with the seasonal evolution of 10 mixed layer salinity, which increases from March to October and decreases from 11 November to February. This seasonal cycle is largely attributed to oceanic advection 12 and entrainment; air-sea freshwater flux plays only a minimal role. Both oceanic 13 advection-diffusion and the freshwater flux are negative throughout the year, i.e., reduce 14 mixed layer salinity, while entrainment is positive year-round, reaching its maximum in 15 May. The advection-diffusion term is dominated by Ekman advection. Although the 16 spatial structure of the air-sea freshwater flux and oceanic processes are similar for the 17 steady state, the magnitude of the freshwater flux is relatively small when compared to that 18 of the oceanic processes. The spatial structure of the salinity tendency for each month is 19 also well captured by the sum of the contributions from the air-sea freshwater flux, 20 advection-diffusion, and entrainment processes. However, substantial imbalances in the 21 salinity budget exist locally, particularly for regions with strong eddy kinetic energy and 22 sparse in situ measurements. Sensitivity tests suggest that a proper representation of 23 the mixed layer depth, a better freshwater flux product, and an improved surface salinity 24 field are all important for closing the mixed layer salinity budget in the Southern Ocean. Dong et al., 2007] , suggesting that 33 salinity plays an important role in stabilizing the water 34 column. To illustrate the importance of salinity in the 35 Southern Ocean, we examined the contributions of temper-36 ature and salinity to the density seasonal cycle in the mixed 37 layer. A monthly mixed layer temperature/salinity climatology 38 was constructed from Argo float profiles (described in section 39 2) to compute density, and only regions with data for all 40 months were included. The salinity contributions (r s ) were 41 calculated using the time-mean temperature and monthly 42 salinity fields, whereas the temperature contributions (r t ) 43 were calculated using the monthly temperature and time-44 mean salinity fields.
[2] Temperature inversions in the upper water column 30 where the surface layer is colder than the subsurface layer 31 are common in the Southern Ocean [e.g., de Boyer 32 Montegut et al., 2007; Dong et al., 2007] , suggesting that 33 salinity plays an important role in stabilizing the water 34 column. To illustrate the importance of salinity in the 35 Southern Ocean, we examined the contributions of temper-36 ature and salinity to the density seasonal cycle in the mixed 37 layer. A monthly mixed layer temperature/salinity climatology 38 was constructed from Argo float profiles (described in section 39 2) to compute density, and only regions with data for all 40 months were included. The salinity contributions (r s ) were 41 calculated using the time-mean temperature and monthly 42 salinity fields, whereas the temperature contributions (r t ) 43 were calculated using the monthly temperature and time-44 mean salinity fields.
45
[3] Figure 1 shows the ratio between the amplitudes of 46 the seasonal variations in r s and r t , A(r s )/A(r t ), where A(r s ) 47 and A(r t ) are the amplitudes of the seasonal harmonic of r s 48 and r t , respectively, which suggests that the seasonal [6] Up to the present, the salinity balance in the Southern 101 Ocean has not been examined to our knowledge. Although 102 direct observations in the Southern Ocean have historically 103 been sparse, particularly of salinity, recent satellite and in 104 situ observations provide some of the necessary data for a 105 preliminary examination of the mixed layer salinity balance. 106 Argo profiling floats provide salinity measurements with 107 good spatial and temporal coverage. Satellite measurements numerous studies which should benefit from the present 137 study.
138
[8] Section 2 provides a simplified description of the 139 processes governing mixed layer salinity variability, Figure 1 . The ratio between the seasonal cycle amplitudes (A) of the mixed layer density due to the salinity and temperature seasonal changes, i.e., A(r s )/A(r t ). The black lines denote the Subantarctic Front (SAF, northern line) and Antarctic Polar Front (PF, southern line), respectively. The two yellow outlines indicate the areas of the regional salinity budget in the Indian and Pacific oceans.
140 followed by a discussion of the satellite and in situ obser-141 vations used in this study. Section 3 describes the analyzed 142 results of the mixed layer salinity balance. Conclusions are 143 given in section 4. The sensitivity of the salinity budget to 144 the choice of various data sets is given in Appendix A. 
where S m is the mixed layer salinity, h m is the mixed layer 155 depth, w e is the entrainment velocity, DS is the salinity 156 difference between the mixed layer and just below the mixed 157 layer, and k is the eddy diffusivity (set to be 500 m 2 s
À1
).
158
The choice of eddy diffusivity does not influence the 159 results: 500 m 2 s À1 is chosen simply because it provides the Figure 2 . Long-term mean freshwater water fluxes (E À P) from the (a) ECMWF and (b) SOC, and (c) the differences in the long-term mean freshwater water fluxes between ECMWF and SOC. E À P is defined as positive out of the ocean, i.e., increasing salinity. The units are m yr
À1
.
160 minimum imbalance in the salinity budget. E and P 161 represent the evaporation and precipitation rates, respec-162 tively, while E À P is defined as positive out of the ocean 163 and vice versa. The horizontal velocity, u m , includes the 164 geostrophic (u g ) and Ekman (u e ) components. All terms in 165 (1) were directly estimated from in situ and satellite 166 observations. Freshwater fluxes from river runoff and ice 167 melt were not included due, in large part, to the sparsity of 168 data available to account for them explicitly. Instead, the 169 residual imbalance includes these processes. climatology was then objectively mapped [Roemmich, 1983] 188 from the individual h m using a decorrelation scale of 2°latitude [2008] . Using the same objective analysis as Dong et al.
192
[2008], a monthly climatological salinity map was derived 193 from individual Argo salinity profiles.
194
[11] The net freshwater flux, E À P, includes two 205 to a 1°Â 1°grid to match the salinity maps. The sensitivity 206 of the results to the various E À P products is given in 207 Appendix A.
208
[12] The oceanic advection term (u m Á rS m ) includes both 209 the geostrophic (u g Á rS m ) and the Ekman (u e Á rS m ) 210 components. We made use of the geostrophic velocity (u g ) 211 product produced by AVISO (Archiving, Validation and 212 Interpretation of Satellite Oceanographic data), which is 213 derived from the merged SSH fields of all available satel-214 lites (TOPEX/POSEIDON, Jason-1, ERS-1 and 2, Envisat, 215 GFO). The satellite-derived geostrophic velocity fields are 216 on a 7 day temporal resolution and a 1/3°Â 1/3°spatial 217 resolution [Ducet et al., 2000] . To be consistent with the 218 temporal period and spatial resolution of the salinity maps 219 derived from Argo profiles, the satellite velocity fields from 220 January 2000 to June 2008 were averaged to produce a 221 monthly climatology on a 1°Â 1°grid.
222
[13] We used pseudostress fields from the Center for 223 Ocean-Atmospheric Prediction Studies (COAPS) to 224 estimate the Ekman velocity, u e , which is related to the 225 surface wind stress (t) by u e = t Âk/r 0 fh m The COAPS 226 gridded wind fields were objectively mapped onto a 1°Â 1°2 27 grid from QuikSCAT scatterometer measurements [Pegion 228 et al., 2000] . We computed 6-hourly stress fields using the 229 parameters of Yelland and Taylor [1996] for the period 230 January 2000 to June 2008 and used the averages to 231 produce a monthly wind stress climatology. We used h m 232 to represent the Ekman depth due to the lack of knowledge 233 about the true Ekman depth in the Southern Ocean. The 234 sensitivity of the salinity budget to this approximation is 235 discussed in Appendix A.
236
[14] The last term on the right-hand side of (1) describes 237 the entrainment of water from below the base of the mixed 238 layer. The entrainment velocity (w e ) was determined from 239 the turbulent kinetic energy balance, which is controlled by 240 wind stirring and a stabilizing effect due to surface heating.
241
A detailed description of w e is given by Qiu and Kelly 275 probably related to the advection of the saltier water by the 276 subtropical gyre.
277
[16] An autocorrelation analysis indicates that the fresh-278 water fluxes have an e-folding scale of 8°latitude by 16°2 79 longitude, suggesting that the freshwater fluxes are poten-280 tially smoother than other variables such as the wind stress 281 and SSH fields. To roughly match the spatial resolution of 282 all of the variables, we smoothed the salinity and velocity 283 fields using an 8°Â 8°trianglular filter. This smoothing 284 process effectively reduced eddy features in the geostrophic 285 advection along the Antarctic Circumpolar Current (ACC), 286 which do not appear in the other data sets and, subsequently, 287 improved the balance of the mixed layer salinity budget.
289 3. Results
290
[17] We first examine the steady state to evaluate how 291 well the contributions of freshwater flux and oceanic 292 processes are balanced over the long-term average. We then 293 focus on the seasonal variability of the salinity budget. We 294 note that the results shown in this section (our base case) are 295 our best estimate in terms of the balance between the 296 salinity tendency (left-hand side of equation (1)) and the 297 sum of the contributions (right-hand side of equation (1) 317 scale structure shown in the oceanic processes is missing 318 from the E À P.
319
[19] Dividing the oceanic processes into horizontal 320 (advection-diffusion) and vertical (entrainment) terms, we 321 found that the advection-diffusion term (Figure 5c ), domi-322 nated by Ekman advection, acts to reduce mixed layer 323 salinity in the Atlantic and Indian oceans north of the 324 ACC. To the south of the Polar Front (PF) and in the 325 Pacific Ocean, the advection-diffusion term tends to 326 increase the salinity. An examination of the velocity and 327 salinity gradient fields suggests that the spatial structure of 328 the advection-diffusion processes can be attributed to the 329 meridional salinity gradient ( Figure 6 ). The spatial structure 330 of the entrainment term (Figure 5d ) is very similar to that of 331 the E À P term, but of opposite sign. The entrainment is 332 positive over most regions in the Southern Ocean except to 333 the north of 40°S in the Indian and eastern Atlantic oceans.
334
[20] Although the velocity and salinity fields were 335 smoothed to roughly match the E À P decorrelation scale, 336 a relatively small-scale structure is still shown in the oceanic 337 processes (Figure 5b ), in particular along the ACC. This 338 small-scale feature is missing from the E À P term 339 (Figure 5a ), suggesting that a better E À P product could 340 improve studies with a focus on the ACC region. and vertical entrainment terms.
349
[22] As shown in Figure 7a , the sum of the contributions 
360
To examine the potential causes for the lower bias in the 361 sum of the contributions (Figure 7 ), we performed an 362 examination of the seasonal mixed layer temperature budget 363 with temperature maps derived from the Argo profiles in a 364 similar manner as the salinity maps. Using the same velocity 365 and mixed layer depth fields, the sum of the air-sea heat 366 fluxes from the OAFlux and oceanic processes roughly 367 balances the temperature tendency, suggesting that the 368 velocity fields are reasonable. The negative bias in the 369 sum of the contributions (gray line, Figure 7a ) is most likely 370 due to the biases in the air-sea freshwater fluxes (E À P).
371
[23] An examination of each term on the right-hand side 372 of (1) suggests that the seasonal cycle of the surface salinity 373 is dominated by oceanic processes: horizontal advection-374 diffusion and vertical entrainment. The advection-diffusion 375 term is always negative throughout the year, which can be 376 attributed to the year-round westerly wind transporting 377 fresher water from the south to the north. The advection-378 diffusion shows a weak seasonal cycle, with its maximum 379 freshening effect in December and January. This maximum 380 advective freshening effect in austral summer is probably 381 related to the ice melting near Antarctica, which is subse- 403 is dominated by the meridional component, whereas the 404 zonal component is close to zero. This is consistent with the 405 large meridional Ekman transport from strong westerly 406 winds and a large meridional salinity gradient. Both the 407 zonal and meridional components of the geostrophic advec-408 tion are relatively small when compared to the meridional 409 Ekman advection, but not negligible. The minimal role of 410 geostrophic advection in the salinity tendency is due to the 411 compensation of its zonal and meridional components 412 (Figure 7b ). (1), 418 their sum, and the differences between the left-hand and 419 right-hand sides of equation (1) during January (Figures 8a-8c 420 and 9a-9d) and May (Figures 8d-8f and 9e -9h) . These 421 components approximately correspond to the maximum and 422 minimum of the salinity tendency. shows similar spatial patterns to the salinity tendency.
429
However, its magnitude is larger than that of the salinity 443 the PF between 0 and 90°E. To the south of the SAF, the 444 Ekman advection is weak due to both reduced wind and the 445 weak gradient in the salinity field ( Figure 6 ). In contrast to 446 the large-scale spatial structure shown in the E À P and 447 Ekman advection terms, the geostrophic advection (Figure 9c Atlantic oceans, the entrainment shows negative values 483 because the subsurface water entrained into the mixed 484 layer is fresher when compared to the mixed layer water 485 (Figure 4) . The maximum entrainment appears in the Indian 486 Ocean around the SAF (60°E-90°E). 487 3.2.3. Regional Budget
488
[28] As shown in Figure 1 , salinity plays a larger role in 489 the Indian Ocean than in the Pacific Ocean north of the SAF 490 where the SAMW is formed. Thus, it is important to 491 understand the differences in the salinity budget for these 492 two regions, which will shed light on the regional similar-493 ities and differences of the mode water formation process. 494 To examine the salinity balance in the Indian and Pacific 495 oceans north of the SAF, we averaged the terms in 496 equation (1) to a 5°latitude band to the north of the SAF, 497 which corresponds to the regions with formation of the deep 498 mixed layers. Figures 10a and 10b show the averaged terms 499 in the two regions, respectively.
500
[29] The salinity budget in the Indian Ocean (Figure 10a respectively. The E À P term is very small and close to zero.
513
The seasonal evolution of the mixed layer salinity is mainly negative, and its maximum freshening effect is in January.
521
When combined with Figure 1 , which shows that the Figure 10 . Salinity budget averaged over a 5°latitude band north of the SAF for (a) the Indian Ocean (80°E -120°E) and (b) the Pacific Ocean (240°E-280°E) where the deep mixed layer is formed in austral winter. The correspondence of the colors is the same as in Figure 5 . The vertical lines correspond to one standard error for each term.
522 salinity plays an equal or more important role in the density 523 seasonal variation, this suggests that oceanic processes play 524 an important role in the SAMW formation in the Indian 525 Ocean on a seasonal time scale. In particular, vertical 526 entrainment brings saltier water into the mixed layer from 527 the subsurface and, subsequently, modifies the mixed layer 528 density.
529
[30] The salinity budget in the Pacific Ocean north of the 530 SAF (Figure 10b) shows a different scenario from that 531 averaged over the entire Southern Ocean (Figure 7 ) and 532 that in the Indian Ocean (Figure 10a) . The magnitude and 533 seasonal evolution of the salinity tendency are comparable 534 with those averaged over the entire Southern Ocean. The 535 salinity tendency reaches its maximum in July and mini-536 mum in January. The positive salinity tendency is due to the 537 vertical entrainment term. In the Pacific, the E À P term 538 plays a dominant role in the freshening of the mixed layer, 539 while the advection-diffusion term plays only a minimal 540 role. The E À P term is negative throughout the year 541 with the maximum freshening effect in austral summer 542 (January -February) and minimum in austral winter 543 (June -September). The advection-diffusion is quite small 544 and shows a weak seasonal cycle, with negative values in 545 the austral summer and fall and positive values in the 546 spring. An examination of the contributions from the 570 each grid point i, and n is the number of data points for a 571 given month. Figure 11a suggests that the RMS imbalance 572 has no apparent seasonal variation, with an average rms(d) 573 of 0.52 psu yr
À1
574
[32] To examine the spatial distribution of the imbalance, 575 following the methodology for the monthly imbalance, we 576 computed the RMS imbalance at each grid point. Here, d i is 577 the imbalance at time i, and n is the number of data points at 578 a given geographic location, which equals 12 in this case. In 579 most regions, the RMS imbalance is less than 0.5 psu yr À1 580 (Figure 11b) . A relatively large imbalance is seen around 581 the SAF, whereas in the entire Pacific section the imbalance 582 is small, close to zero, which is primarily due to the small 583 values of the budget terms. One of the major features shown 584 in Figure 11b is the large imbalance along the Brazil Current 585 (35°S -50°S, 300°E-315°E) and in the broad Agulhas 586 Retroflection region (40°S-45°S, 0-70°E). Both regions 587 experience strong freshening (Figure 5c ) from oceanic 588 advection, which can be attributed to the strong salinity 589 gradient ( Figure 6 ) in these regions. This freshening from 590 oceanic advection is only partially compensated by the 591 positive E À P term (Figure 5a ), suggesting that the E À 592 P data may not fully capture the oceanic processes in these 593 regions.
594
[33] Many factors can contribute to the imbalance, 595 including errors in the constructed salinity fields, freshwater 596 flux products, unaccounted for effects of seasonal ice melt 597 or variations in river runoff, representation of the mixed 598 layer depth, and velocity fields. Of these factors, the 599 freshwater fluxes are expected to be the largest contributor 600 to the mixed layer salinity budget error, as only limited 601 Southern Hemisphere data are available for the reanalysis 602 products and, hence, the reliability of these fluxes is 603 uncertain. The regions near the sea ice edge do not expe-604 rience a large RMS imbalance in the residual of the mixed 605 layer salinity budget, which we take as confirmation that the 606 effect of sea ice is not a dominant part of the residual. A 607 detailed description of the sensitivity of the mixed layer 608 salinity balance to the choice of data set is given in 609 Appendix A. In summary, we found significant differences 610 in the RMS imbalance if we change our choice of E À P, 611 mixed layer depth, and salinity field. Changing the choice 612 of wind product and mean geostrophic velocity does not 613 have a significant influence on the results. This suggests 614 that a better mixed layer salinity budget for the Southern 615 Ocean can be achieved by improving the accuracy of the 616 freshwater flux products, increasing the spatial sampling of 617 the salinity field, particularly in regions with strong eddy 618 activity, and improving the representation of the mixed layer 619 depth. 
622
[34] In this study, the seasonal mixed layer salinity 623 balance in the Southern Ocean (0 -360°E, 35°S-65°S) 624 was examined from a combination of remotely sensed and 625 in situ observations. An examination of the time-mean 626 balance indicated that, although the spatial structure of the 627 freshwater flux term is similar to that of the oceanic 628 processes (advection, diffusion, and entrainment) with op-629 posite sign as expected, its magnitude is relatively small, .
